INTRODUCTION
There has been a rapid increase in interest in understanding the relationship between periodontal disease and cancer risk; twice as many original observational studies were published with measures of periodontal disease (i.e., not including studies using tooth number as surrogate of periodontal disease) in the past few years (n = 12; 2011-2016) as were published during the 20 years prior to 2011 (n = 6) (Web Tables 1 and 2 , available at http://aje.oxfordjournals.org/). The reason for the large increase in publications on this topic is largely due to new interest generated by the research on the human microbiome (alongside advancing technologies) and perhaps also due to the development of animal models of periodontal disease that have enabled researchers to measure the impact of periodontal pathogens on the local and systemic immune response (1) . Human studies have confirmed the impact of periodontal disease on the systemic immune response, demonstrating that levels of serum markers of inflammation, especially C-reactive protein, increase with advanced periodontal disease (2, 3) . The link between systemic inflammation and cancer is well established and may contribute to the strong and consistent positive associations between obesity and cancer (4) . Interest in the role of inflammation on cancer, as well as the many parallels that exist between risk factors for heart disease and cancer (e.g., smoking, obesity, lack of physical activity, insulin resistance, and diabetes) (5) , has motivated different lines of research to address the role of periodontal disease in cancer risk.
Periodontal disease, also known as gum disease, encompasses gingivitis and periodontitis. Gingivitis, or inflammation of the gums which leads to bleeding gums, is considered an early form of periodontal disease. Periodontitis develops over time with accumulation of dental plaque, bacterial dysbiosis, formation of periodontal pockets, gum recession, tissue destruction, and alveolar bone loss, which can ultimately lead to tooth loss. Although periodontal treatment, such as rooting and scaling, can slow the progression of periodontal disease by removing plaque at the root of the teeth and reducing inflammation, once tissue and bone loss has occurred, it is permanent.
In the United States, national health surveys have reported a high prevalence of periodontitis on the basis of oral health examinations; the prevalence of periodontitis in dentate adults over the age of 30 years is estimated to be around 47% and increases to 70% in individuals 65 years of age or older (6) . Risk factors for periodontal disease include race, sex, income, education, and smoking. In the United States, the highest prevalence of periodontal disease is observed in Mexican Americans (70% in adults over 30 years), followed by non-Hispanic blacks (60%) and non-Hispanic whites (42%). The prevalence of moderate and severe periodontitis, which has been more strongly linked to systemic inflammation and the immune response, is also very high in adults over the age of 65 years (64% using the Centers for Disease Control and Prevention-American Academy of Periodontology case definition) (7) . Elevated rates of periodontitis are also found in Europe; in Germany, prevalence of moderate and severe periodontitis was reported to be 76% in adults aged 65-74 years (8) when using the same definition of periodontitis (9) . The prevalence of periodontal disease measurements (i.e., pocket depth and clinical attachment level) obtained from a dental examination survey conducted in France was similar to that reported in the United States (10) . Earlier surveys conducted in the United States underestimated the prevalence of periodontitis because of incomplete dental measurements (6, 7) .
One of the biggest challenges in studying periodontitis and chronic diseases with observational studies resides in the measurement of periodontal disease. Historically, tooth loss was used as a marker for periodontal disease, given that tooth loss that occurs in adults is largely due to periodontitis; however, number of teeth lost is also a marker of oral health and can result from dental caries, accidents, or orthodontic treatment. Thus, tooth loss can represent a number of oral conditions, is often only a crude marker of periodontitis, and may vary dramatically depending on the population. For example, in the Health Professionals Follow-up Study, a large population of male and primarily Caucasian health professionals, more than half (58%) of the men reporting having 0-16 teeth remaining did not report having periodontitis (11) . Tooth loss is also a marker of socioeconomic status.
In observational studies, periodontal disease has been measured by using self-report of periodontitis (e.g., periodontal disease with bone loss) or using individual oral health assessments, such as measurements of pocket depth, clinical attachment level, and alveolar bone loss from panoramic radiographs. The large variation in methods and criteria used for the assessment and categorization of periodontitis may explain some of the discrepancies observed across observational studies. Recent studies, including the Third National Health and Nutrition Examination Survey (NHANES III) (12) and the Buffalo OsteoPerio Study (an ancillary study of the Women's Health Initiative) (13) , have examined the association between periodontitis and cancer risk by using direct oral measurements and radiographs, respectively, to obtain more precise measures of periodontitis. Nevertheless, other limitations exist in observational studies on periodontal disease and cancer risk, which include small number of cases and potential confounding by smoking and other risk factors. Whether the impact of periodontal disease on cancer risk is a direct effect or a consequence of shared genetic and/or environmental factors is extremely difficult to untangle. These limitations have caused much controversy in the field of periodontitis and heart disease and will require interdisciplinary collaborations to address many remaining questions. Understanding the biological underpinnings of the associations and evaluating whether they are direct or indirect effects are critical to determine whether reductions in risk can be achieved through public health interventions.
The largest number of observational studies examining oral conditions, including teeth number, and risk of cancer has been on head and neck cancers. At least historically, a link between oral disease and cancer in the oral cavity, or in the vicinity of the oral cavity, was more plausible than a link with more distant cancer sites, given the visible and measurable local inflammation, known shifts in pathogenic oral bacteria, and physical injury caused by bone loss with advanced periodontitis. However, research conducted in the past decade has led to new studies examining the potential relationship between oral disease and the risk of orodigestive cancers, lung cancer and other smoking-related cancers (e.g., kidney, bladder), and even hormonal cancers such as breast, prostate, and ovarian cancers (Web Tables 1 and 2 ). The motivation behind these studies lies largely on new knowledge linking periodontitis and pathogenic bacteria to a systemic impact on the body, particularly on the immune response, providing plausibility for a role in carcinogenesis of distant tumors through those mechanisms.
To summarize the evidence on this topic, we reviewed the literature on oral disease and cancer risk and performed meta-analyses on missing teeth, and separately for periodontal disease, and cancer risk for those cancer sites that had at least 4 case-control or cohort studies with adjustment for age, sex, and smoking status (at the minimum).
METHODS

Literature search and selection
Two approaches were used to identify relevant studies: 1) a search for all published systematic reviews or related to oral health and cancer for reference mining and 2) a supplemental search for recent cohort and case-control studies published between 2011 and July 2016 ( Figure 1 ). All electronic searches were conducted on PubMed using comprehensive search strategies (Web Table 3 ). We retrieved 70 full-text articles of cohort and case-control studies identified from 11 reviews and meta-analyses (14-24) and those identified from reviewing 217 relevant abstracts from the supplemental search to screen them according to predefined study eligibility criteria; only case-control and cohort studies were included (no randomized controlled trials exist) with relevant exposure categories and outcomes (Web Tables 1  and 2 ). A total of 46 publications met our study eligibility criteria for this review (Figure 1 ).
Data extraction, charting, and synthesis
Structured data extraction forms were used to abstract key study characteristics (Web Tables 1 and 2 ) and results for charts (when there were 3 studies or more for each cancer outcome with the same exposure measure) or meta-analysis. All study results are summarized narratively by each cancer outcome of interest, with the meta-analysis results if available.
Meta-analysis
Given the importance of smoking as a potential confounder for cancer outcomes, studies that presented risk estimates without adjustment for smoking status were not included in the meta-analysis to avoid aggregating confounding in the pooled results. If fewer than 4 studies achieved the inclusion criteria, no meta-analysis was conducted in this review. To minimize the clinical, methodological, and statistical heterogeneity in the meta-analyses, study results were grouped first by exposure categories (periodontal diseases or number of missing teeth) and then by study design (case-control or cohort studies). Meta-analysis using the DerSimonian-Laird random-effects model (25) was conducted comparing the presence or absence of periodontal diseases in relation to the same cancer outcome. When there were more than 6 studies with sufficient data, linear and nonlinear dose-response meta-regression analyses were performed to explore the associations between number of missing teeth and the risks of cancer using a 2-stage hierarchical regression model implemented in the "dosresmeta" R (R Foundation for Statistical Computing, Vienna, Austria) package (26, 27) . The midpoints of the reported categories for the number of missing teeth were used as the "dose" in the dose-response meta-regression. Statistical heterogeneity was tested by using the Cochran Q statistic (considered significant when P < 0.10) and was quantified with the I 2 index (ranging from 0% to 100%). I 2 values of 25%, 50%, and 75% were typically interpreted as low, moderate, and high heterogeneity, respectively. However, these cutoffs were arbitrary and used for descriptive purposes only (28) . Analyses were conducted by using Stata SE 13 software (StataCorp LP, College Station, Texas) and R version 3.2.5 (R Foundation for Statistical Computing). All P values were 2 tailed, and P < 0.05 was considered statistically significant.
RESULTS
Total cancer
Five cohort studies reported associations between periodontal disease and total cancer risk (Web Figure 1 ), but only 3 of these adjusted for smoking status in multivariate models (Web Table 1 ). The increase in total cancer risk associated with periodontal disease ranged between 14% and 20% in the studies controlling for smoking (11, 13, 29) ; associations were highly consistent across all 5 studies, despite substantial differences in populations (including sex-specific populations). In 2 analyses restricted to never smokers (1 was published separately (30)), a 13% (95% confidence interval (CI): 1.01, 1.27) increase was observed in a male cohort study (the Health Professionals Follow-up Study) (30)), but no association was noted in a cohort of women (hazard ratio (HR) = 0.90, 95% CI: 0.51, 1.62) (13) .
No associations were noted for number of missing teeth and total cancer risk (Web Figure 2A) .
Lung cancer
Positive associations between periodontal disease and lung cancer risk have been observed in 5 cohort studies (Web Figure 1B) , all of which adjusted for smoking status. The relative risks observed ranged between 1.25 and 4.61, and the pooled relative risk was 1.33 (95% CI: 1.19, 1.49) (Figure 2) , with no statistical heterogeneity (I 2 = 0, P = 0.58). Given that smoking increases the risk of periodontal disease and that it is very strongly associated with the risk of lung cancer, some analyses have been conducted among never smokers only. In the Health Professionals Follow-up Study cohort, no association with periodontal disease was observed for lung cancer in never smokers (HR = 0.92, 95% CI: 0.49, 1.71) (30) and, similarly, never smokers with periodontal disease did not have a higher risk of lung cancer in the Women's Health Initiative Observational Study (31) . Among smokers in the Women's Health Initiative Observational Study cohort, a positive association was observed for women with higher smoking intensity and periodontal disease compared with those with higher smoking dose and no periodontitis (HR = 1.29, 95% CI: 1.09, 3.87), suggesting that an interaction between smoking and periodontal disease may exist (31) . Two out of 4 cohort studies observed a statistically significant higher risk of lung cancer with a higher number of missing teeth after adjustment for smoking dose (11, (32) (33) (34) . One large case-control study also reported a positive association with teeth number and lung cancer risk (35) .
Head and neck cancer
Only 1 cohort study reporting smoking-adjusted associations for periodontal disease and head and neck cancer has been published to date; in that study, an increase in risk was modest and not statistically significant (HR = 1.15, 95% CI: 0.73, 1.81) (11) . In the same cohort, a strong association was observed for periodontitis and oropharyngeal and esophageal cancers combined (HR = 2.25, 95% CI: 1.30, 3.90) after restricting the analysis to never smokers (30) . Another cohort study conducted in Taiwan reported a positive association for periodontal disease and head and neck cancer but did not control for smoking (HR = 1.20, 95 CI: 1.09, 1.33) (36).
Five case-control studies reported findings for periodontal disease and head and neck cancers (Web Table 1 ); however, 2 of these studies (37, 38) provided data only for continuous measures of periodontal disease (bone loss measures) and thus could not be included for comparison (Web Figure 3) . These studies provided data from a range of different periodontal measures, including some more accurate measures of bone loss due to periodontitis (37, 38) and pocket cavity depth (39) . Overall, findings are inconsistent, with earlier studies showing weak inverse associations (odds ratio (OR) = 0.8) (40) and more recent studies reporting extremely strong associations when using more detailed assessment of periodontal disease (e.g., A substantial number of case-control studies have examined the relation between number of missing teeth and risk of head and neck cancers (Web Figures 4 and 5) . The majority of these studies reported that higher number of missing teeth was associated with an increase in oral cancer (Web Figure 4) ; in contrast, there were no apparent dose-response relationships for larynx and pharyngeal cancers (Web Figure 5C and 5D).
Seven case-control studies were included for doseresponse meta-regression analyses for oral cancer. The linear dose-response meta-regression for teeth number and oral cancer risk was statistically significant; a 0.03 (95% CI: 0.01, 0.05) increase in the odds ratio was observed for each additional tooth lost (Figure 3) , with moderate heterogeneity (I 2 = 67.5%, P = 0.003). In dose-response meta-regression analyses of 6 case-control studies, no significant linear or nonlinear dose-response relationship between teeth number and head and neck cancer risk was observed (data not shown) (35, (41) (42) (43) (44) .
Pancreatic cancer
There has been a substantial interest in periodontal disease and pancreatic cancer risk over the past decade, and the associations reported have been remarkably consistent. Web Figure 1D provides results from 5 cohort studies. All studies reported at least a 50% increase in risk for those with periodontal disease, and results from 3 of the studies were statistically significant. Unfortunately, 2 studies did not adjust for smoking (32, 45) , and 1 study had a very small number of pancreatic cancer cases (12) (Web Table 1 ). In addition, results from a national cohort in Taiwan are not shown in Web Figure 1D as the comparison group consisted of individuals with gingivitis. An elevated risk was observed for those with periodontitis compared with gingivitis (relative risk = 1.2, 95% CI: 1.0, 2.4), although no adjustment was made for smoking status (46) .
In contrast, associations between missing teeth and pancreatic cancer risk have not been consistent (Web Figure 2B ).
Stomach and esophageal cancers
Findings from cohort studies on periodontal disease and risk of stomach cancer have been largely null (Web Figure 1C) . Five cohort studies and 1 case-control study examined the association between teeth number and risk of stomach cancer. No associations were noted in 4 of those studies (11, 32, 33, 35) , but 2 cohort studies reported positive associations for gastric noncardia subtypes (47, 48) . A metaanalysis was not conducted as a number of studies did not adjust for history of smoking (refer to Methods).
Only 1 cohort study reported associations for periodontal disease and esophageal cancer risk alone, where a modest increase in risk was noted (n = 82 cases) (HR = 1.44, 95% CI: 0.98, 2.11) (11). Three cohort and 4 case-control studies examined the associations between teeth number and risk of esophageal cancer, but no dose-response trends were observed in either cohort or case-control studies (Web Figures 2C and 5B, respectively).
Breast cancer
Five cohort studies reported on associations between periodontal disease and risk of breast cancer (Web Figure 1E) . Findings from these studies were null or modest in magnitude, ranging between 0.94 and 1.32; nevertheless, associations in 2 of the 5 studies did reach statistical significance (36, 49) .
Colorectal cancer
Although the current meta-analysis suggests that periodontal disease may increase the risk of colorectal cancer by 47% (Figure 4) , the overall estimate was not statistically significant because of large uncertainty (95% CI: 0.95, 2.29) and heterogeneity was moderate (I 2 = 66.5%, P = 0.03). One study reported no association (11) , and 2 of the remaining 4 studies had a small number of cases (Web Table 1 ) (12, 13). Findings from 5 cohort studies with data on number of teeth and risk of colorectal cancer have been consistently null (11, 16, 32, 33 ). Epidemiol Rev 2017;39:49-58
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DISCUSSION
Recent interest in the link between periodontal disease and cancer risk has led to publication of data from several large cohort studies that provide some evidence for positive associations between periodontitis and total cancer risk, particularly for pancreatic and lung cancers, and head and neck cancer. Unfortunately, adjustment for smoking status was lacking in some studies, reducing the number of studies eligible for meta-analysis. Positive associations were observed for teeth number and oral cancer, with a significant positive dose response in the meta-regression. No consistent associations were observed for number of teeth and other cancer sites.
Strengths of this meta-analysis
To date, 5 meta-analyses or reviews have been published on the associations between periodontal disease and/or tooth loss and risk of head and neck cancers (15, (19) (20) (21) 23 ), 3 meta-analyses on periodontal disease and other cancers (1 lung cancer (22), 1 colon cancer (16), 1 gastric cancer (24)), and 2 reviews on periodontal disease and all cancers (14, 17) . None of the prior publications conducted meta-analyses on multiple cancer types collectively. Although our findings are mostly consistent with those from the previous reviews and meta-analyses, the present review provides the most comprehensive analysis by adding 13 new studies across all cancers. Furthermore, several differences in the evidence synthesis methods that were implemented in the present review can explain some discordance between present and previous findings. In the present review, in addition to evaluating the strength of associations and potential confounding, our synthesis considered consistencies and dose-response relationships across study findings to improve causal inference of the body of evidence. Moreover, a 2-stage hierarchical meta-regression model was used to estimate the summarized linear and nonlinear dose-response relationships between number of missing teeth and the risks of cancer in this review. This advanced analytical method overcomes the use of arbitrary cutoffs for number of missing teeth to compare the risks of cancer above or below the cutoffs.
Summary of evidence
A large number of studies examining number of teeth have been conducted to evaluate general oral health in relation to head and neck and esophageal cancers. However, most of these studies have been case-control studies because of the lower incidence of these cancers. A review of the literature and our summary plots for these associations suggest that there is a positive relation between number of teeth lost and oral cancer risk. In contrast, tooth loss does not appear to be related to cancer risk for most other cancer sites. Given that people lose teeth for reasons other than periodontitis, it is likely that this measure is too crude to be used as a measure of periodontal disease and is more likely a measure of overall oral health. Although we did not perform a metaanalysis for periodontal disease and oral cancer, recent studies with improved measurements of periodontitis do support strong positive associations for periodontitis and oral cancer risk (37, 38) . Improving reporting of periodontitis using standardization of measurements should be made to allow for meta-analyses to be conducted.
The findings for periodontal disease and lung cancer are also strong overall, but questions remain regarding the role of smoking, as either a confounder or an effect modifier. Two studies that conducted separate analyses on never smokers did not observe any increase in risk with periodontal disease (30, 31) , raising the possibility that the elevated risk is due to residual confounding by smoking. Nevertheless, it is also biologically plausible that smoking and periodontal disease act jointly to increase the risk of lung cancer, as was recently reported in a large cohort analysis (31) . A previous meta-analysis on periodontal disease and lung cancer reported a similar summary risk estimate (HR = 1.24, 95% CI: 1.13, 1.36); the previous meta-analysis did not include a recent cohort study (13) and included a study that we did not include because of the lack of appropriate referent category (i.e., gingivitis) (46) .
The results on periodontal disease and colorectal cancer risk are less consistent, and the meta-analysis result indicates there could be a positive association, but the uncertainty is large (wide confidence interval) and the moderate level of heterogeneity further limited interpretation of the pooled risk estimate. A previous meta-analysis on oral health and colorectal cancer combined risk estimates obtained from associations reported for periodontal disease and teeth number (defined jointly as "oral health") and reported no overall associations (16) . Given the differences that we observed in associations with cancer risk when using periodontal disease and teeth number separately, combining these measures is likely to dilute any real effect that exists. Several studies have reported associations between Fusobacterium nucleatum, which has also been considered a periodontal pathogen, and colorectal cancer (50-52); however, it is unclear if these bacteria are found at higher levels in the gut as a result of periodontal disease.
Despite the limited evidence available to allow a metaanalysis for pancreatic cancer at this time because of the small number of high quality studies, results from individual studies shown in Web Figure 1D provide consistent support for a positive association with history of periodontitis. Two additional cohort studies that were not included in our review, as they did not have measures for periodontal disease, also provide indirect support for an association for periodontal disease and pancreatic cancer risk. In 1 large cohort study, a statistically significant 2-fold increase in risk of pancreatic cancer was observed for those who had dental plaque covering more than one-third of the tooth surface versus no dental plaque at the baseline examination (among those with at least 10 teeth remaining) (53) . In the second study conducted in Sweden, an increase in risk for pancreatic cancer was observed for those with a history of oral cavity diseases (54) .
Additional supportive evidence for an association with pancreatic cancer comes from studies examining oral bacteria that are believed to play a key role in the pathogenesis of periodontal disease (55) . A recent cohort study reported positive associations between 2 periodontal pathogens, Porphyromonas gingivalis and Aggregatibacter actinomycetemcomitans, and pancreatic cancer using direct bacterial DNA measurement from saliva of individuals collected years prior to diagnosis (56) . In addition, 2 studies have examined relationships between antibodies to periodontal oral pathogens and cancer risk. In a European cohort study, a statistically significant 2-fold increase in pancreatic cancer risk was observed for elevated levels of antibodies to P. gingivalis (57) and, in a separate cohort study in the United States, an association with the same oral pathogen was noted for orodigestive cancer mortality, which included pancreatic cancer cases (12) . Biological mechanisms have been proposed that may explain the link among periodontal disease, oral pathogenic bacteria, and pancreatic carcinogenesis (58) .
Studies available at this time do not support associations for periodontal disease and breast or stomach cancer risk (Web Figure 1) . In addition, data were currently too sparse to critically examine periodontal disease associations for cancers not included in this study. For ovarian cancer, 1 large cohort study reported no positive associations using self-reported measures of periodontal disease and even suggested slightly inverse associations for younger women (59) . No association was observed for prostate cancer in 1 cohort study (11) , but a positive association was noted in a different cohort study using dental examination for the periodontal disease assessment and with mortality as the end point (HR = 1.47, 95% CI: 1.04, 2.07) (29) . In a subset of the Health Professionals Follow-up Study, periodontal disease was positively associated with smoking-related cancers, including kidney and bladder cancers, among men who had reported being never smokers, and associations were substantially stronger when combining self-reported periodontal disease with tooth loss (30) . Finally, a positive association was recently reported for periodontal disease and risk of non-Hodgkin lymphoma (60) .
Potential role of confounding by genetic susceptibility
It is possible that the positive associations observed between periodontal disease and cancer risk are driven by shared genetic susceptibility between these 2 diseases. On the basis of twin studies, it has been estimated that as much as 50% of periodontitis is heritable (61) . Large efforts and searches for genetic determinants of periodontitis, including several large genome-wide association studies, have failed to produce genetic associations for chronic periodontitis (61) . Similarly, a recent exome variant analysis, aimed at identifying rare variants, was also unsuccessful at identifying genetic susceptibility variants for chronic periodontitis (62) . In contrast, several genes have been associated with aggressive periodontitis, which develops at an early age, is a rarer type of periodontitis (63) , and is associated with high severity of disease. Genes that have been consistently associated with aggressive periodontitis include the glycosyltransferase 6 domain containing 1 gene (GLT6D1), the CDKN2B antisense RNA 1 gene (ANRIL), and the cyclooxygenase 2 gene (COX2) (61) . Variants in the COX2 gene have also been associated with risk of digestive cancers (64) , and polymorphisms in the cyclin-dependent kinase inhibitor 2A and 2B genes (CDKN2A, CDKN2B) have been associated with nasopharyngeal cancer (65) and glioma (66) . Therefore, although it is plausible that shared genetic susceptibility for periodontitis and cancer explains some of the associations observed, this would mostly be true if the associations observed were largely driven by aggressive periodontitis, given the lack of major susceptibility genes associated with chronic periodontitis. However, at this time, existing studies on cancer have not made the distinction between aggressive and chronic periodontitis, making it difficult to evaluate the potential role for confounding by underlying shared genetic factors.
Limitations with periodontal disease measurements in observational studies
Several limitations exist in observational studies on periodontal disease and cancer risk, and these become especially problematic in meta-analyses. Periodontal disease is extremely difficult to measure and quantify in observational studies as the assessment of periodontal disease requires several periodontal measurements, and clinical definitions have changed over time. These problems are not unique to epidemiologic studies evaluating the risk of cancer; standardized principles on the reporting of periodontal disease and using standardized clinical case definitions for population-based studies have been proposed (67, 68) . Unfortunately, large cohort studies enrolling thousands of participants cannot conduct periodontal examinations on all subjects, and obtaining radiographs on all participants is not feasible in these studies. Consequently, existing cohort studies with larger numbers of cancer outcomes have suboptimal and relatively crude measures of periodontitis, including self-reported questions pertaining to oral health or number of teeth (50% of studies relied on self-reports of periodontal disease status) (Web Table 1 ). Radiographic bone loss is one of the defining criteria for the classification of periodontitis (69), yet only 3 out of 18 studies had dental radiographs on participants. In addition, periodontitis is a complex disease with multiple classifications that require a number of oral measurements, including clinical attachment loss, probing depth, and bone loss; periodontitis can manifest as chronic or aggressive disease, generalized or localized, and with different degrees of progression (i.e., slight, moderate, and severe periodontitis). The large heterogeneity in periodontal disease creates substantial complexity in defining exposure, especially because it is unclear which measures are more relevant to immune perturbations, dysbiosis, and possibly cancer risk. Moreover, when exposure is reported by using different measures or is reported on different scales, it becomes difficult to obtain summary measures of association; for example, exclusive reporting of continuous measures of clinical attachment loss prevented us from including some studies in the metaanalysis (37) . Going forward, standardizing measurements and definitions for categories in studies examining cancer outcomes should allow meta-analyses with periodontal disease as an exposure to be more comparable and complete.
Recommendations for future studies to guide policy and intervention studies
Although the relative risks associated with periodontal disease are not very large, the associations observed are significant, from a public health standpoint, because of the high prevalence of periodontal disease in the general population. Improving periodontal disease measurement, definition, and reporting will be critical to solidifying the associations being reported in epidemiologic studies. Moreover, new opportunities for cancer prevention may arise if we are able to identify individuals or populations with elevated risk of cancer according to periodontal disease status; for example, smokers with severe periodontitis may be targeted for periodontal treatment or lung cancer screening. Similarly, better understanding the underlying mechanisms, including the role of microbiota in disease, may provide new opportunities for early detection and cancer screening. Finally, policy changes may include improving dental care and treatment of periodontal disease in high-risk populations by providing dental insurance or subsidized dental treatments.
Additional research efforts are needed to clarify the role of periodontal disease in cancer. These efforts will need to include conducting observational studies using standard protocols previously outlined by experts in the field (67), pooling individual-level data to obtain summary risk estimates (rather than performing study-level meta-analyses) in order to harmonize case definitions, and including biological markers to evaluate the role of the immune response and/or presence of pathogenic microbiota.
Conclusions
At this time, existing data provide support for positive associations between periodontal disease and risk of lung, pancreatic, and head and neck cancers. Despite the heterogeneity of measurements used to evaluate periodontal disease, consistency in findings for pancreatic and lung cancer risk is noteworthy, and, at least for pancreatic cancer, observed associations across studies did not appear to be due to confounding by smoking. The literature on this field is still relatively sparse and prevented us from conducting quality meta-analysis on most cancer sites. Future studies with larger samples sizes, improved measurements for periodontal disease, and more thorough adjustment for smoking and other risk factors should help to solidify the role of periodontal disease on cancer risk and assist with identification of individuals at higher risk. Moreover, clarification on the potential causal role of periodontal disease in cancer development is critical, as it may lead to new opportunities for cancer prevention and may warrant policy changes and recommendations for dental care access and coverage.
